Nuclear magnetic resonance techniques can be used to monitor in situ the dynamical behaviour of point and line defects in materials during deformation. These techniques are non-destructive and non-invasive. We report here the atomic transport, in particular the enhanced diffusion during deformation by evaluating the spin lattice relaxation time in the rotating frame, Tip, in pure NaCI single crystals as a function of temperature (from ambient to about 900 K) and strain-rate (to ~ 1.0 s -1) in situ during deformation. The strain-induced excess vacancy concentration increased with the strain-rate while in situ annealing of these excess defects is noted at high temperatures. Contributions due to phonons or paramagnetic impurities dominated at lower temperatures in the undeformed material. During deformation, however, the dislocation contribution became predominant at these low temperatures. The dislocation jump distances were noted to decrease with increase in temperature leading to a reduced contribution to the overall spin relaxation as temperature is increased. Similar tests with an improved pulse sequence (CUT-sequence), performed on ultra-pure NaCI and NaF single crystals revealed slightly different results; however, strain-enhanced vacancy concentrations were observed. The applicability of these techniques to metallic systems will be outlined taking thin aluminium foils as an example.
Introduction
Many non-destructive experimental techniques have been used to characterize the defects in solids but few of them have been useful in the investigation of the dynamical properties of these defects. In particular, there exists a very limited number of techniques that can be used in situ in a non-invasive fashion. This is particularly true in the investigation of the diffusion of point defects and motion of dislocations. Nuclear spin resonance methods have been used extensively to investigate the diffusion of point defects in solids at high temperatures, localized motion of atomic defects at low temperatures and the motion of line defects (dislocations) during deformation E 1] . At the very beginning of its discovery, nuclear magnetic resonance (NMR) was recognized as one of the most powerful techniques for diffusion studies in materials and has been extensively used to investigate various diffusion parameters such as the activation energies for diffusion in both non-metals and metals [2, 3] . These techniques were extended by Murty and Ruoff [4] to determine the activation volumes for motion and formation of Schottky defect pairs by evaluating the effects of test temperature superimposed by hydrostatic pressure.
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Because NMR probes the rate of atomic jumps rather directly, one can, in principle, obtain a better microscopic picture of the diffusional process. Later advances, leading to the evaluation of the spin-lattice relaxation times in a rotating frame, resulted in high sensitivity of this parameter to atomic jump processes. Rowland and Fradin [5] , Kanert [1] and others were thus able to evaluate the impurity diffusion in alloys. These techniques, in addition, made it possible to probe the jumping dislocations in situ during deformation in a non-interactive fashion [6] [7] [8] . We have recently reported an investigation of the superimposed effects of deformation on spin-lattice relaxation time (of Z3Na) in the rotating frame, T10, in singlecrystalline pure (~ 1.5p.p.m. impurity) NaC1 at temperatures from ambient to about 900 K at various constant strain-rates [9] and identified strain-enhanced diffusion at high temperatures and the dislocation contribution at low temperatures. This analysis of strain-enhanced diffusion was based on the vacancy production due to the motion of thermally produced dislocation jogs, while mechanical jogs produced due to the dislocation intersections, could also play a major role [10] . The temperature variation of the flow stress is needed to detect the dominant type and these data were not available. In addition, the recent modifications of the T10 measurements using a novel CUTsequence method [11] made it possible to follow the signal during the locking time (in the traditional Tlo technique) which was seen to be of prime significance in the correct evaluation of the free induction decay signal of the deformed material. The traditional Tt0 method assumes no change in the initial magnetization, Mo, of the undeformed versus deformed materials.
We report here the spin relaxation measurements using this CUT-sequence technique on ultra-pure (p.p.b. impurity levels) 23NaC1 which made it possible to evaluate the temperature and strain-rate dependencies of the strain-induced vacancy concentration. While these results were slightly different from the earlier data [9] , they are in agreement with the models on the strain induced vacancy production [9, 10] . In addition, experiments were performed on NaF 19 (with no quadrupolar interactions because of spin I = 89 where no dislocation contribution to the spin relaxation is expected. A limited number of tests performed on aluminium thin foils is also presented. These results on the strain-induced vacancy concentration have important bearing on the understanding of the dynamic strain ageing (DSA) and the development of quantitative models characterizing the DSA [12, 13] . In particular, the critical strain, ~, for the onset of serrations is related to the strain-induced vacancy concentration and mobile dislocation density [12, 13] Detemple et al. [9] clearly revealed the increased vacancy concentration during deformation and made it possible to establish a quantitative relation between the strain-induced vacancy concentration and the applied strain-rate, strain and temperature.
We use the analyses presented elsewhere [9, 10, 12 ] to derive expressions for the excess vacancy concentration during deformation. It is realized that the excess vacancies produced during deformation migrate to sinks such as the jogs on dislocations and thus these strain-induced vacancies follow the rate equation
where the + and -indicate the production and annihilation, respectively. The formation process is governed by the non-conservative motion of jogs on screw dislocations and following Detemple et aI. [9] we find
~gl + = ~(T,~)& (3)
where ~ is a strain-(and also perhaps temperature) dependent parameter proportional to the concentration of jogs. If one assumes that the jogs are produced mechanically by dislocation intersections, will be temperature independent and is proportional to the applied stress and inversely to the jog energy [10] so that the vacancy production rate is given by . + CY C~ Im~ch = ~1 --~ mechanical jogs (4a) Ej where ~1 is a constant of the order of 0.1 describing the fraction of the mechanical work used for jog forma-(lb) tion, and Ej is the jog formation energy. If, on the other hand, one considers thermally produced jogs (lc) [9] , we find where C~ is the strain-induced vacancy concentration, Pm is the density of mobile dislocations and Em is the activation energy for vacancy migration. These constants m + [3 and Em are generally evaluated from the strain-rate and the temperature dependencies of the critical strain to serrated flow in tensile tests. The present study enables an evaluation of the strain-induced vacancy concentration rather directly.
Strain-induced vacancies
It is well known that plastic deformation results in an increased number of vacancies which are produced from climbing jogs on dislocations [9, 12, [14] [15] [16] [17] [18] [19] [20] . While theoretical analyses [14] [15] [16] clearly point to the strain-enhanced diffusion due to the excess vacancies produced during plastic deformation, experimental studies (tracer diffusion, creep, etc.) failed to yield consistent results [17] [18] [19] [20] , and Ruoff and Balluffi [14] [15] [16] In both equations, the coefficients al and ~2 are functions of the plastic strain. At the test temperatures, the strain-produced excess vacancies migrate to appropriate sinks where they annihilate and thus the concentration of these excess vacancies decreases with increased temperatures. In general, dislocations are the primary sinks for the annihilation of the vacancies Cv~l--~o ~ c~ (5) where Fv is the vacancy jump frequency given by Fv = F~o exp( --Em/kT) (Em is the migration energy),
[3o is a coefficient independent of the test conditions, and X is the sink distance which could be determined either by the strain-dependent dislocation density, Cv ~ oc--exp/// c~i \-s thermal jogs, i = 2, E (2) = E m --Ej and C~ oc cy-a (7) so that the total vacancy concentration is given by the sum of those produced thermally and by the divalent impurity and the plastic strain
Cv=C t~+c + + +C~ (8) where C~ = exp( -Ef/kT) with Ef being the vacancy formation energy. For alkali halides (NaC1 and NaF), the range of test temperatures falls in the extrinsic region, C th < C + +.
Experimental aspects and results
The materials used were ultra-pure single crystals of NaC1 and NaF of size 11 x 6.5 x 6.5ram 3 supplied by Dr Korth, Kiel, FRG. The spectrochemical analyses of the samples showed concentrations of divalent impurities (Ca 2+ and Mg 2+) of 12 p.p.b, in NaC1 and 100 p.p.b, in NaF, and all these crystals are oriented along the (001) axis. In addition, pure (99.999%) aluminium foils (25 gm thickness) are also considered. The nuclear spin relaxation (NSR) rate in the rotating frame, T~p, was measured as a function of the test temperature while the crystal was deformed along the (0 0 1) direction at a constant strain rate. The experiments were performed in a magnetic field, Ho, of 4.2 T (42000G) corresponding to Larmor frequencies of 47.6 MHz for 23Na and 168.2MHz for t9F by means of a NMR tensile device described in detail elsewhere [9, 11] . In the traditional Tip method, a locking pulse, B1, of far less strength (2-6 G) is applied following a ~/2 pulse for a certain period, t, and the free induction decay at t is recorded (Fig. la) . The relaxation rate in the rotating frame is then evaluated
where M is the nuclear magnetization. In the above equation, M~o is the initial magnetization at the beginning (t = 0) of the locking field which is often taken to be the signal height, Mo, following the n/2 pulse, whereas in reality it may be quite different from Mo. In the current CUT-sequence method (Fig. lb) , the locking-pulse is cut into a large number of short pulses with a known separation (time delay ~1 ~ T2). If the duration of the short pulses is of the order of tp = rc/4o~, we get exactly the relaxation rate in the rotating frame. This technique thus eliminates the uncertainty with regard to the effect of deformation on the initial magnetization, Mpo, and makes it feasible to obtain the entire magnetization decay signal from the beginning to the end of the locking pulse as shown in Fig. 2a for 2aNaC1 and Fig. 2b for NaF 19 before and during deformation. The relaxation times derived using this method will be termed To0 and are evaluated by fitting the magnetization decay to Equation 9. The number of short' pulses was varied from 100-1500 depending on the spin-lattice and spin-spin relaxation times.
Before describing the current experimental data, we present a brief summary of our earlier results on Z3NaC1 [9] and Fig. 3 depicts the temperature variation of the spin-lattice relaxation rate, 1/Tto, obtained using the standard technique (Fig. la) . The data on undeformed crystals exhibit a phonon contribution at low temperatures, while atomic motion resulted in increased rates at elevated temperature with the maximum corresponding to Figure 2 Single-shot measurement of the nuclear magnetization decay M(t) of(a) 23Na in NaC1 and (b) 19F in NaF, (O) without and (O) with deformation. temperature data yield the following expression for diffusivity
where D0=3.1cm 2s-1, C~ ++ =1.5x10 -6 and Em = 0.81 eV. These values are in good agreement with the literature data on sodium (cation) diffusion in NaC1 in the extrinsic region where the cation vacancies are produced by Ca 2 + impurities. Enhanced spin relaxation rates were noted during deformation (at constant strain-rate and strain) as shown in Fig. 3 ,
The decrease in Cv ~ at high temperatures is due to in situ annealing of strain-induced excess vacancies at the appropriate sinks (dislocation jogs).
At low temperatures below about 550K, dislocation jumps were seen to result in increased spin-lattice relaxation rates [21, 22] .
• -Bf + B,~oo go.(L) ~ ~ (13)
where (1/TIp)• is the relaxation rate due to jumping dislocations obtained by subtracting the phonon contribution from the total relaxation rate at low temperatures, 6Q is the quadrupolar coupling constant, (V z) is the mean-squared electric field gradient caused by the dislocations, B1 is the locking field, Bloc is the mean local field in the rotating frame, gQ(L) is the geometric factor dependent on the dislocation jump distance, L, (~ is the Schmid factor and b is Burger's vector. As temperature increases, the dislocation jump distance increases, resulting in a reduced effect on the total relaxation rate as noted at temperatures above about 550 K (Fig. 3) .
As pointed out earlier, the standard Tip method used there assumes that the initial magnetization, Mo, is unaffected by deformation which may not be appropriate, and thus the new improved technique (CUT~ sequence) is adopted in the current experiments on NaC1, NaF and aluminium.
23Na in NaCI
The spin-spin, T2, and spin-lattice, T1, relaxation times were first investigated as a function of the temperature as documented in Fig. 4 . The spin-lattice relaxation rates were essentially due to the 2-phonon (Raman) process where T1 oc T -2. The spin-spin relaxation rate is determined by the rigid line width (l/T2 ~ 8Vrigla-l~uioe) at low temperatures which is essentially temperature independent, whereas at high temperatures above about 673 K (400 ~ motional narrowing due to atomic diffusion is reflected as decreased values of T2 with temperature, the slope of which yields the activation energy for vacancy migration (extrinsic region with athermal divalent impurity-induced vacancy concentration dominating over thermal vacancies). The temperature variation of the spin-lattice relaxation time in the rotating frame, Too, determined using the CUT-sequence method is also plotted as the rate and we note a dominant effect of atomic motion at high temperatures above about 300 K. The relaxation probability peaked at 873 K as expected from the theoretical calculations of the spectral density, Y(m), of the motional processes [23] such as in the Torrey and BPP approaches, and also as noted earlier [9] . As is clear from this figure, the relaxation rate in the rotating frame, 1~Too, is the relevant parameter for investigating the dynamical behaviour of defects. The temperature variation of the spin-lattice relaxation rate in the rotating frame, 1/Top, due to atomic motion obtained by subtracting the phonon contribution is depicted in Fig: 5 for both undeformed material and during deformation at a constant strain-rate of 0.4s -1 to 10% strain. We note increased rates of relaxation during deformation especially at lower temperatures. From the maximum in the relaxation rate of the undeformed material, the BPP-curve fit yields the following parameters and (m2> = 4.3 x 107s -2
0.84 eV Za = 3.98x10-1~ (15) .,b Figure 6 Flow stress, o, times sample cross-section A, versus inverse temperature in NaC1.
These values compare very well with the earlier data [1, 9] in NaC1. One obtains the diffusion constant with these parameters
where Cv = C ++ = 12xl0-9(12p.p.b).
For the deformed material, the strain-induced vacancy concentration adds to the extrinsic vacancies (Equation 8). Assuming that the vacancy jump rate remains unaltered [9] , as for the undeformed case, the relaxation rates during deformation can be fitted to the BPP model for the atomic jump times with the total vacancy concentration 
where the linear strain-rate dependence is used following Detemple et al. [9] . Fig. 6 depicts the temperature dependence of the flow stress which yielded an activation energy value of 0.14eV c~ = rSoex p = Cyoexp~) (19) which is roughly what one expects from the strain-rate equation [20] ,
Thus the total vacancy concentration is given by (using Equations 7 and 19) Cv = C+++C~ = 0.64eV (20) where Ev = E~ = Em --E= = 0.70eV for mechanical jogs Ev = E ~2) = Em -Ej-2E~,~0 for thermal jogs E~ = 0.14eV and Ej = 0.6eV
Thus the model based on mechanical jogs predicts a value closer to the experimental measurement and the strain-induced vacancies are thus believed to be produced from athermal jogs created mechanically, as has been proposed by Mecking and Estrin [10] rather than by thermal activation as has been assumed in the earlier analysis [9] . No dislocation contribution is noted in the current data on NaC1 during deformation which extend to about 548 K (275 ~ This is not inconsistent with the earlier report [9] which revealed dislocation dominance at temperatures below about 575 K. It will be interesting to extend the present work to lower temperatures to observe this transition.
19F in NaF
As pointed out earlier, we wished to examine the a9F nuclear spin relaxation times in NaF especially because only dipolar interactions will be present and thus the dislocations will not have any contribution, albeit the relatively long relaxation times of 19F in NaF make it a rather difficult experiment. As for NaC1, T1, T~p and T2 are plotted versus inverse temperature for 23NaF (Fig. 7a) and the high-temperature data corresponding to atomic motion were fit to the BPP-model. For NaF 19, both the traditional and the CUT-sequence methods ( Fig. la and b, respectively) were used and the relaxation rates (1/Tlo and 1~Too) are plotted versus inverse temperature in Fig. 7b with the temperatures ranging from ambient to about 973 K (700 ~ Although the T,p measurements were extended only to about 623K (350~ there is an excellent correlation between the two (for the undeformed material).
The low (~< 573 K) temperature data for NaF 19 reveal decreased relaxation times with temperature which are caused by the dynamics of dilute paramagnetic impurities such as Fe 3+ or Mn z+. At higher temperatures, the relaxation rate increased due to atomic diffusion. The fit to the BPP-model is performed as in Equation 17 (with subscripts sl for spin-lattice and loc for local) 19 F relaxation rates confirmed a value of 0.93 _ 0.13 eV for the cation migration energy in NaF. A much larger value of 1.37eV was found for the migration energy of anions in NaF [22] .
The influence of deformation on the 19F-relaxation rate, l/Top, was examined to 623 K (350 ~ at a constant strain-rate of 0.016 s-t to 10% total strain and enhanced rates were noted (Fig. 7b) . Until now, the data were not extended to higher temperatures well into the diffusion region albeit the trend implies no discernible effect. These results are slightly different from those reported earlier (Figs 4 and 5 ) on NaC1.
The relaxation enhancements at low temperatures in the paramagnetic impurity regime cannot be accounted for by the dislocation contribution because we are observing the dipolar interactions and thus it is believed that these enhancements are due to the strain-produced vacancies. The additional contribution to the relaxation rate is given by and thus one could consider it to be independent of the test temperature. Because the atomic jump Figure 8 Log-log plot of the strain-rate versus the deformationinduced contribution to the relaxation rate t9F in NaF at (O) 300 and (Q) 651 K.
sink distance and for the dominance of mechanical jogs [10] , the strain-induced vacancy concentration is proportional to the square of the sink distance In the range of temperatures of interest here, NaF exhibits flow stress which is insensitive to the temperature and E~ ~ 0 while E~ ~ 0.6eV [9] . Thus the model based on the thermal jogs predicts a value of E* (Equation 22a) which is more than an order of magnitude higher than the experimental value. The Mecking-Estrin mechanical jog model [-9 ], on the other hand, accurately predicts the current experimental finding of the temperature insensitive (Tc0)dyn,mlc similar to NaC1. As before, the strain-rate dependence was examined in NaF also; however, a deviation from the linear dependence was noted as shown in Fig. 8 where the dynamical part of the relaxation rate is plotted versus the applied strain-rate on a double-log plot at 300 and 651K
The lower sensitivity to the applied strain-rate may be due to the strain-rate (or flow stress) dependence of the
27AI in metallic aluminium
Aluminium was chosen because thermal vacancies are dominant in metals and also DSA has been extensively investigated in aluminium based alloys [13] . Moreover, the aluminium nucleus is amenable for NSR measurements. Unfortunately, the problem with the skin-effect in metallic systems limits the study to thin foils which makes it relatively more difficult to perform deformation-NMR experiments. We present here some preliminary results obtained to-date while the experimental details will be published elsewhere.
The nuclear spin relaxation rates were determined on thin (25gm) foils of 99.999% pure aluminium tensile specimens (grain size~ 150~m) of about 10mm wide and 27mm gauge length. Relatively short relaxation times ( ~ 5 ms) created some unexpected problems in the relaxation experiments during deformation.
As for NaC1, the temperature variations of the spin-spin (1/Ta) and spin-lattice (1/T1 and 1~Too) These values for the pre-exponential factor and activation energy are in excellent agreement with earlier data on aluminium [25] including the activation energies for self-diffusion and high-temperature creep [26] . The effect of deformation on the relaxation rate was also observed. Fig. i0a depicts the time variation of the applied strain and the resulting flow stress while the corresponding relaxation rate (1/Tcp) is shown in Fig. 10b which clearly demonstrates the enhancement of the rate during deformation. It is interesting to note the drop in the spin relaxation rate during load relaxation (at constant load, Fig. 10a ) though the rate remains larger than that for the undeformed material.
Further, first preliminary experiments were performed on the temperature variation of the strain-induced contribution to the relaxation rate (1/Tcplaynamlc), and the results are shown in Fig. 11 . Obviously, the relaxation rate increases weakly with decreasing temperature below about 500 K dropping off sharply at elevated temperatures. The small value of the slope of about 0.07 eV observed at low temperatures seem to favour the model of mechanically formed jogs [10] . Then, according to Equation 22c, the relaxation rate becomes nearly temperature independent as for NaF. Further NMR experiments on aluminium under deformation are in progress, and the results will be presented in the future.
